In this paper, an adaptive modulation scheme for visible light communication (VLC) system based on partially pre-distorted layered asymmetrically clipped optical orthogonal frequency division multiplexing (LACO-OFDM) is proposed. The clipping noise that falls on the higher layers in the conventional LACO-OFDM results in inter layer interference, which can be eliminated by the operation of pre-distortion at the expense of extra power consumption. The proposed partially pre-distorted scheme makes a tradeoff between error propagation and power cost to suit different transmission environments. The probability distribution functions of the conventional and pre-distorted LACO-OFDM schemes are analyzed and compared and the layers that should be pre-distorted in the proposed scheme is decided adaptively by maximizing the achievable rate. The computational complexity of the proposed scheme is also investigated, which is acceptable compared with the previous schemes. Simulation results show that the proposed scheme has a superior bit error rate performance compared with the conventional and pre-distorted LACO-OFDM schemes.
Introduction
Recently, the radio frequency (RF) communication has faced the problem of spectrum saturation. Utilizing the unregulated bandwidth, visible light communication (VLC) has been considered as a competitive supplementary technology. Besides, VLC also has advantages such as no electromagnetic interference, low cost, and no harm to health [1] - [3] . Single carrier modulations, such as on-off keying (OOK) [4] , color shift keying (CSK) [5] , and pulse position modulation (PPM) [6] have been developed for VLC systems. Benefitting from the ability to alleviate the inter-symbol interference (ISI), the orthogonal frequency division multiplexing (OFDM) has been extensively investigated to achieve high data rate [7] , [8] .
In VLC, the information is transmitted by modulating the data onto the intensity of light emitting diodes (LEDs), which requires that the data are real and non-negative [9] . Since the unconstrained time-domain OFDM signals are complex-valued, some OFDM-based schemes have been proposed to meet the unipolar requirement. The frequency-domain signals usually satisfy the Hermitian symmetry to ensure that the signals are real-valued. Then, a direct current (DC) component can be added to eliminate the negative signals, which is known as direct current biased optical OFDM (DCO-OFDM) [10] . However, the DC bias cannot transmit information, leading to low power efficiency. Moreover, some clipping-based strategies have been proposed to achieve high power efficiency, including asymmetrically clipped optical OFDM (ACO-OFDM) [11] and pulse-amplitudemodulated discrete multitone (PAM-DMT) [12] . In ACO-OFDM, the data are only modulated on odd subcarriers, while the PAM-DMT only utilizes the imaginary part of subcarriers. To improve the spectral efficiency, the hybrid ACO-OFDM (HACO-OFDM) has been developed, which combines ACO-OFDM and PAM-DMT [13] . The spectrum resources are extensively exploited by the novel layered ACO-OFDM (LACO-OFDM) or called enhanced LACO-OFDM, where the subcarriers are divided into different layers and the ACO-OFDM strategy is applied to these layers [14] - [16] . Based on these strategies, some adaptive modulation schemes have also been investigated, where the parameters are variable to accommodate to different environments [17] , [18] .
For each layer in LACO-OFDM systems, the clipping strategy will result in noise on higher layers at the transmitter. Therefore, the clipping noise should be reconstructed and subtracted at the receiver, which will lead to error propagation for the conventional LACO-OFDM. In order to eliminate the inter-layer interference (ILI), the pre-distorted LACO-OFDM is proposed in [19] , where the interference from lower layers is subtracted in the frequency domain at the transmitter. The signals from all layers can be directly recovered at the receiver without error propagation. However, the operation of pre-distortion will lead to higher power consumption because it costs extra energy to eliminate the ILI. Thus, there is a tradeoff between bit error rate (BER) performance and power consumption.
In this paper, the adaptive modulation scheme based on partially pre-distorted LACO-OFDM is proposed, where the pre-distortion is only operated on certain layers. The probability distribution functions (PDFs) of the proposed scheme are investigated, which can help select the layers that should be pre-distorted with the assistance of the analysis of the channel capacity.When the ILI is not significant, the signal can be transmitted and demodulated with the conventional method. Otherwise, the signal is pre-distorted at the transmitter and directly recovered at the receiver if the ILI is considerable. Whether a certain layer is pre-distorted depends on the transmission environment, especially the noise power. The adaptivity for the proposed scheme is realized by maximizing the achievable rate, where the layers that should be pre-distorted are variable. The adaptive scheme chooses the optimal case under different transmission scenarios.
The rest of this paper is organized as follows. In Section 2, the system models of the conventional LACO-OFDM and the pre-distorted LACO-OFDM are introduced. The proposed adaptive LACO-OFDM scheme with partial pre-distortion is presented and analyzed in Section 3. Simulation results are demonstrated in Section 4, while this paper concludes in Section 5.
System Model
The frequency-domain signal for ACO-OFDM with N subcarriers can be formulated as X = [0, X 1 , 0, X 3 , . . ., X N /2−1 , 0, X * N /2−1 , . . ., X * 3 , 0, X * 1 ]. After N -point inverse fast Fourier transform (IFFT), the time-domain signal has the anti-symmetry property as x n = −x n+N /2 (0 ≤ n < N /2) [7] . The negative part can be clipped as
The clipping noise falls on the even subcarriers, while the amplitude of the frequency-domain signal for the odd subcarriers is halved [11] . For L-layer LACO-OFDM, the subcarriers are divided into L layers, where each layer is generated by ACO-OFDM scheme in the time-domain with different repeated times. Afterwards, signals from different layers are superposed together in the time domain, and the transmitted signal is 
In the l-th layer, the clipping noise falls on the 2 l k-th (0 ≤ k < N /2 l ) subcarriers. Thus, at the receiver, the demodulation process is carried sequentially. The clipping noise from lower layers should be estimated and subtracted from the received signal. Then the processed signal is used for demodulating the higher layer. On the other hand, the ILI can be eliminated in advance at the transmitter by pre-distortion. To generate the l-th (l > 1) layer signal, the ILI from the 1st layer to the (l − 1)-th can be extracted from the FFT output of the clipped signals. Then, the ILI is subtracted from the modulated symbols of the l-th layer. Afterwards, the distorted frequency-domain signal is processed as the conventional method. In this way, the signal can be directly recovered by the FFT result of the received signal at the receiver. It is worth mentioning that the amplitude of the extracted ILI should be doubled because the frequency-domain signal is halved during the clipping operation.
The proposed partially pre-distorted LACO-OFDM choose some layers to be pre-distorted. The block diagram of the transmitter and the receiver is shown in Fig. 1 . The control unit at the transmitter decide whether certain layer is pre-distorted and at the receiver the control unit can control whether the signal can be recovered directly from the N -point FFT result.
Proposed Adaptive LACO-OFDM Based on Partial Pre-Distortion
In this section, the PDFs of the conventional LACO-OFDM and pre-distorted LACO-OFDM are analyzed to show their differences. Then, the proposed adaptive strategy based on partial predistortion is investigated.
PDFs of Conventional and Pre-Distorted LACO-OFDM
The time-domain signals for the conventional ACO-OFDM obey the clipped Gaussian distribution, which can be mathematically represented as [20] 
where σ ACO denotes the root mean square (RMS) of the unclipped signals for ACO-OFDM, δ(w ) refers to the Dirac delta function, and u(w ) represents the unit-step function. The average amplitude and the mean square of the clipped signal can be calculated as
where E (·) denotes the expectation operator. Both the LACO-OFDM and pre-distorted LACO-OFDM combine several layers of ACO-OFDM signals. Thus, it is crucial to calculate the RMS of the unclipped signals in each layer. In the l-th layer, the electrical power of the modulated symbol for LACO-OFDM and pre-distorted LACO-OFDM can be denoted as σ 2 l and σ 2 P,l , respectively. The power is equally allocated on each utilized subcarrier, and the electrical power of each subcarrier could be referred to as σ 2 and σ 2 P for the conventional LACO-OFDM and pre-distorted LACO-OFDM, respectively. For the first layer, since only half of the subcarriers are utilized, the variance of the unclipped signal can be calculated as σ 2 1 = σ 2 /2 and σ 2 P,1 = σ 2 P /2. For LACO-OFDM, the relationship between σ l and σ can be derived as [21] 
For the pre-distorted LACO-OFDM, the mathematical expression of σ P,l is investigated in detail. First, to make a clear illustration, we take σ P,2 as an example. The input signal to IFFT for the second layer consists of the ILI signal from the first layer, denoted as I 1,2 , and the original signal. The original signal power for the second layer is σ 2 P /4 = σ 2 P,1 /2. According to (5) , the total electrical power of the clipped signal for the first layer is (N σ 2 P,1 )/2. And the amplitude of the frequencydomain signal on odd subcarriers is halved, which means that the energy of the odd subcarriers is σ 2 P /4 × N /2 = (N σ 2 P,1 )/4. Thus, the total power of the clipping noise is also (N σ 2 P,1 )/4, which falls on the even subcarriers. Part of the interference falls on the 0-th subcarrier, which can be calculate as (N σ 2 P,1 )/2π based on (4) . It is worth mentioning that the ILI is eliminated by subtracting twice the amplitude of the interference. Since only N /4 subcarriers are utilized in the second layer, the relationship between σ P,1 and σ P,2 can be expressed as
Similarly, σ P,l can be given by
The PDFs of the second layer and the third layer in 3-Layer LACO-OFDM and pre-distorted LACO-OFDM are plotted in Fig. 2 , where σ 2 l and σ 2 P,l are set to 2. Since σ 2 l and σ 2 P,l are the same in the simulation, the first-layer signals for the two schemes are the same, so the PDFs of the first layer are also identical, which are not demonstrated in this section. The Dirac delta function is omitted to illustrate clearly. The simulated and theoretical results are both shown, so the analysis of the PDF can be verified by the simulation results. The PDF of the total signal for conventional LACO-OFDM is calculated in [22] , which is obtained by the convolution of the PDFs from each layer since signals from different layers are independent. However, in the pre-distorted LACO-OFDM, the signals from different layers are not independent because the pre-distorted signal is calculated based on the signal from lower layers to eliminate the ILI. So it is hard to attain the theoretical mathematical expression for the PDF of the combined signal in the pre-distorted LACO-OFDM systems. Moreover, as can be inferred from the PDFs, the pre-distortion process costs extra power, which can influence the energy efficiency.
In this paper, the optical signal to noise ratio is utilized for fair comparison, which is denoted as SNR opt and is given by
where σ 2 n is noise power.
Partially Pre-Distorted LACO-OFDM
The pre-distortion operation can eliminate the error propagation from lower layers, which can improve the BER performance. However, the power cost of the additional pre-distortion also increases. For a signal y n , the optical power is dependent on E [y n ] [20] . Considering a system with limited optical power, the signal should be scaled by a scaling factor, a parameter that multiplies with the time-domain signal to adjust the total optical power, i.e., the mean value of time-domain signal should be constant for fair comparison. The effective power in pre-distorted LACO-OFDM for data transmission will be less than that in the conventional LACO-OFDM. Then, there is a tradeoff between BER performance and power cost. Therefore, in this paper, an adaptive modulation scheme based on partially pre-distorted LACO-OFDM is proposed, where the pre-distortion is operated only on particular layers, and the layers that should be pre-distorted are decided based on the transmission environment adaptively. For the L -layer (L ≥ 2) LACO-OFDM, there are 2 L −1 cases, which can be denoted as (α 2 , α 3 , . . . α L ). The parameter α l can be 0 or 1, which means the signals in the l-th layer are conventional or pre-distorted, respectively. If the parameters are all 0 s, the case becomes the conventional LACO-OFDM. If the parameters are all 1 s, the case turns into the pre-distorted LACO-OFDM. To make a clear illustration of partially pre-distorted LACO-OFDM, Fig. 6 demonstrates the subcarrier structures of 3-layer partially pre-distorted LACO-OFDM. Case (1, 0) is presented in Fig. 3(a) , where the second layer is pre-distorted while the third layer is not pre-distorted. At the receiver, the first and the second layer can be recovered directly from the FFT results. Then the clipping noise from the first and the second layer is estimated and subtracted in order to demodulate the third layer. Fig. 3(b) illustrates Case (0, 1), where the second layer is generated in the conventional way and the third layer is pre-distorted.
Taking the error propagation into consideration, the achievable rate of the l-th layer for the conventional LACO-OFDM systems can be formulated as
where SINR is the signal to interference plus noise ratio, W denotes the total bandwidth, and S i ,l (σ i , σ n ) represents the interference on the l-th layer caused by the i -th layer, which depends on the signal power and noise power. It is complicated to calculate the mathematical expression of S i ,l (σ i , σ n ). Generally, S i ,l (σ i , σ n ) will increase with the increase of the σ n and decrease with the increase of the σ i . In this paper, based on numerical results, S i ,l (σ i , σ n ) is evaluated by
where β 1 > 0 and β 2 > 0 represent the influence coefficients. For the pre-distorted LACO-OFDM, the interference is eliminated. Thus, the achievable rate of the l-th layer can be given by
For the partially pre-distorted LACO-OFDM, the achievable rate is the combination between that of the LACO-OFDM and the pre-distorted LACO-OFDM. For Case (α 2 , α 3 , . . . α L ), the total achievable rate can be calculated by The adaptive LACO-OFDM scheme is optimized by maximizing the total achievable rate, where α l is variable. Taking 3-layer LACO-OFDM as an example, the achievable rate of the 4 cases are plotted, where the coefficients β 1 = 0.2 and β 2 = 2, the bandwidth W is set to unity, and the optical power E [y 3 ] is normalized to unity. Fig. 4 shows the achievable rate under different SNR opt in 4 cases. The differences of the achievable rates between each case and Case (1, 1) are drawn for clear illustration, where the achievable rate of Case (1, 1) is subtracted as the benchmark. As it can be seen, when SNR opt is extremely low, Case (1, 0) shows superior performance. When SNR opt is in the middle range, Case (1, 1) has the largest achievable rate, while Case (0, 0) suits high SNR opt . However, Case (0, 1) is not appropriate in all cases. It can be concluded that in the proposed partially pre-distorted scheme, the pre-distortion is operated on l-th layer only when the lower layers (except the first layer) are all pre-distorted.
Compared with the conventional LACO-OFDM, the SINR in pre-distorted LACO-OFDM has smaller denominator. However, based on the analysis of the PDFs in the previous section, the numerator is also smaller to satisfy the optical power requirement. When the noise power is small enough to demodulate the lower layers correctly, the S i ,l (σ i , σ n ) in (10) can be ignored. Thus, under high SNR opt condition, the conventional LACO-OFDM is superior to the pre-distorted or partially pre-distorted schemes. When the noise power is high, the influence of the denominator is more significant than that of the numerator, resulting in better BER performance. Thus, the pre-distortion should be operated on some layers under high noise power circumstance. In extremely low SNR opt scenario, the benefit from the pre-distortion mainly lies on the second layer. For L > 2, if the third or higher layers are pre-distorted, due to the limited spectrum resources, the BER gain is small compared with the power consumption they will cost. Under this condition, the pre-distortion can be operated only on the second layer. The rest conditions can be deduced from this discussion.
Complexity Analysis
The complexities of LACO-OFDM-based schemes mainly depend on the FFT and IFFT operations. The computational complexity of one N -point FFT/IFFT is O(N log 2 (N )) [23] .
For the conventional LACO-OFDM, the l-th layer requires the operation of N /2 l−1 -point IFFT at the transmitter. The total computational complexity of the L -layer LACO-OFDM transmitter is [14] CT L = L l=1 O(N /2 l−1 log 2 (N /2 l−1 )) ≈ (2 − 1/2 L −1 )O(N log 2 (N )). 
Comparisons of Computational Complexities
At the receiver, the re-generation of the l-th layer signals include N /2 l−1 -point IFFT and N /2 l−1 -point FFT. Thus, the total complexity of the receiver becomes
For the pre-distorted LACO-OFDM, the signals from the first layer to the (L − 1)-th need to be put into different sizes of FFT blocks, the complexity of which is
Therefore, the total complexity at the transmitter will increase to (4 − 3/2 L −1 )O(N log 2 (N )) for the pre-distorted LACO-OFDM with L layers. The complexity at the receiver is as low as CR D = O(N log 2 (N )) since it only requires one N -point FFT block. The complexity of the partially pre-distorted LACO-OFDM is comparably complicated to analyze due to the various cases. For clear analysis, the highest layer that is pre-distorted is assumed to be the l 1 -th layer while the l 2 -th layer is denoted as the highest layer that is not pre-distorted. For example, in Case (1, 0, 0), we have l 1 = 2 and l 2 = 4. For the conventional LACO-OFDM, the parameters are defined as l 1 = 1 and l 2 = L while in the pre-distorted LACO-OFDM, we have l 1 = L and l 2 = 1. At the receiver, the signals from the first layer to the (l 1 − 1)-th layer require extra FFT operations. The total complexity can be calculated as
At the receiver, in order to obtain the signals from the l 2 -th layer, the signals from the first layer to the (l 2 − 1) layer need to be re-generated. Thus, the computational complexity is represented as
Considering Case (1, 0, 0) in 4-layer LACO-OFDM scheme, the complexities at the transmitter and the receiver are 23 8 O(N log 2 (N )) and 39 8 O (N log 2 (N ) ), respectively. The comparisons of computational complexities of three LACO-OFDM-based schemes are listed in Table 1 . The transmitter complexity of the conventional LACO-OFDM is lower than that of the pre-distorted scheme, while the receiver complexity of the conventional scheme is higher than that of the pre-distorted method. The computational complexity of the partially pre-distorted scheme is between these two schemes at both the transmitter and the receiver. In practice, the FFT/IFFT block can be reused and the complexity of the proposed scheme is acceptable. 
Simulation Results
In this section, some computer simulations are carried out to assess the performance of the proposed adaptive LACO-OFDM scheme.
The simulated PDFs for 3-layer LACO-OFDM and pre-distorted LACO-OFDM are presented in Fig. 5(a) , where the Dirac delta function is also omitted for clear illustration. Since the PDF for LACO-OFDM can be mathematically calculated by convolution, the theoretical PDF for 3-layer LACO-OFDM is also plotted. In Fig. 5(a) , the electrical power for the modulated symbol is set to 2, i.e., σ 2 = σ 2 P = 2, by which the change of the probability distribution caused by pre-distortion can be easily observed. For pre-distorted LACO-OFDM, the interference from the lower layers is subtracted in the frequency domain, which will cost extra power. Thus, as can be seen from Fig. 5(a) , the probability distribution moves right. From w = 1 to w = 2, the PDF of pre-distorted LACO-OFDM is higher than that of LACO-OFDM.
In practice, the optical power is limited, a scaling factor should be added to adjust the optical power. In Fig. 5(b) , the optical power is normalized, and it can be seen that the signals of predistorted LACO-OFDM are attenuated by the scaling factor compared with the PDF shown in Fig. 5(a) . Since part of the power in pre-distorted LACO-OFDM is utilized for eliminating ILI, the effective power for transmission is reduced, which will affect the ability of communication. Fig. 6 (a) and Fig. 6(b) illustrate the computational complexities of the conventional, the predistorted, and the proposed partially pre-distorted LACO-OFDM schemes at the transmitter and the receiver, respectively. For the partially pre-distorted LACO-OFDM, the complexity will vary with l 1 and l 2 . Since the conventional and pre-distorted LACO-OFDM systems are just two particular cases of the partially pre-distorted scheme, some scatters of the proposed scheme in the figure are as the same as that of the conventional or the pre-distorted LACO-OFDM. As shown in the figure, the conventional LACO-OFDM costs high computational complexity at the receiver, while the pre-distorted LACO-OFDM suffers from high computational complexity at the transmitter. The proposed scheme makes a tradeoff between these two complexities, which has moderate complexity both at the transmitter and the receiver. And the layers that should be pre-distorted can also be adaptively selected by considering the complexity requirements at the transmitter and the receiver. For instance, the scheme with low complexity of the receiver is appropriate for downlink transmission.
The simulation results of the BER performance for the proposed adaptive partially pre-distorted LACO-OFDM are illustrated in Fig. 7 and Fig. 8 , where the optical power is normalized to unity. The number of subcarriers N is set as 256, and 16QAM is adopted in the simulation. For 3-layer and 4-layer schemes, there are 4 and 8 cases, respectively. However, only 4 cases in 4-layer scheme are drawn since the other 4 cases do not have superior performances based on the analysis in Section 3.2.
In Fig. 7 , when the SNR opt is low, from 4 dB to 7 dB, Case (1, 0) has the lowest BER, which means in this noise scenario, the pre-distorted second layer and conventional third layer can result in best BER performance. When SNR opt ranges from 10 dB to 16 dB, Case (1, 1) is superior to the other cases. And when SNR opt is higher than 20 dB, Case (0, 0) is the optimal scheme. When the noise power is high, the first layer will suffer from the poor SNR opt , thus the error propagation from the first layer will significantly affect the demodulation of the higher layers. In this condition, the pre-distortion will bring some gain in BER performance. So Case (1, 0) in Fig. 7 has the lowest BER when the SNR opt is pretty low. The pre-distorted second layer can be demodulated more correctly than the conventional scheme. The third or higher layers can be processed in the conventional way because the influence of the power cost caused by the pre-distortion outweighs the influence of the error propagation considering that the higher layers only utilize the limited subcarrier resources.
In Fig. 8 , Case (1, 0, 0) has superior BER performance when the SNR opt is pretty low. As SNR opt increases, the optimal choice changes from Case (1, 0, 0) to Case (1, 1, 0) to Case (1, 1, 1), finally to Case (0, 0, 0). Case (0, 0, 0), i.e., the conventional LACO-OFDM without pre-distortion suits the environment where the SNR opt is high enough. Under this circumstance, most of the signals from lower layers can be demodulated correctly, thus the clipping noise can be eliminated at the receiver and the signals from higher layers can also be demodulated correctly. Therefore, Case (0, 0, 0) is shown to be the optimal choice when SNR opt is higher than 17 dB. When SNR opt is low, Case (0, 0, 0) suffers a lot from the error propagation caused by the incorrect demodulation of the lower-layer signals and cases with pre-distortion have better performances. The layers that should be pre-distorted also vary with the SNR opt . Generally speaking, the higher the SNR opt , the more layers can be pre-distorted. As analysed in Section 3.2, the pre-distortion is operated on l-th layer only when the lower layers (except the first layer) are all pre-distorted. Thus, when the SNR opt increases from 4 dB to 17 dB, the optimal case changes from Case (1, 0, 0) to Case (1, 1, 0) to Case (1, 1, 1).
Conclusions
The adaptive LACO-OFDM-based modulation scheme with partial pre-distortion for VLC is proposed in this paper, which takes the error propagation and power consumption into consideration simultaneously. The clipping noise in conventional LACO-OFDM will affect the demodulation of higher layers if the lower layers cannot be demodulated correctly. The pre-distortion can eliminated the ILI so the error propagation will not be a problem, which, however, costs extra power. Based on the analysis of the PDFs of the conventional and pre-distorted schemes, the layers that should be pre-distorted can be adaptively selected by maximizing the achievable rate, which is dependent on the transmission scenario. The computational complexity of the proposed adaptive scheme is also analyzed in this paper, which is shown to be acceptable compared with the previous schemes. Simulation results show that the pre-distortion should be operated adaptively according to the noise environment and complexity requirements. As a result, the proposed adaptive scheme shows superior performance to the previous non-adaptive schemes.
